Taxins are a family of centrosomal proteins important for the regulation of mitosis and microtubule dynamics. Cytokinesis, the last step of M phase, is essential for chromosomal integrity and cell division. It is highly regulated and involves a reorganization of microtubules and actin filaments. We show here that TACC1 localizes diffusely to the midzone spindle in anaphase and strongly to the midbody during cytokinesis, indicating a possible involvement of this protein in the exit of M phase. TACC1 also relocalizes to the nucleolus in interphase. We demonstrate that TACC1 and the mitotic kinase Aurora B belong to the same complex during cytokinesis. We further show that Aurora B knocked down by RNAmediated interference prevents the formation of the midbody -and consequently affects TACC1 localization at this site -and leads to abnormal cell division and multinucleated cells.
Introduction
TACC proteins, or Taxins, are regulators of mitosis and microtubule dynamics (see, for a review, Gergely, 2002) . They belong to the many coiled-coil proteins contained in the pericentriolar material of the centrosome. Taxins play a role in microtubule-associated processes such as mitotic spindle formation and/or stabilization at metaphase where they interact with several protein partners such as microtubule-associated chTOG (Charrasse et al., 1995; Gergely et al., 2003) , AKAP350 (Steadman et al., 2002) and Aurora A kinase (reviewed in Gergely, 2003; Lappin et al., 2002) . Owing to their function during cell division Taxins and Taxin partners may play a role in oncogenesis (Still et al., 1999a,b; Chen et al., 2000; Conte et al., 2002 Conte et al., , 2003 Lappin et al., 2002; Gergely, 2002; Piekorz et al., 2002) . There are three -possibly four (Maxwell et al., 2003) -Taxins in humans. Human TACC1 and TACC2 were initially characterized as potential cancer genes (Stebbins-Boaz et al., 1999; Chen et al., 2000) . TACC2/AZU1 is downregulated in transformed cell lines (Chen et al., 2000) . The knockout of the Tacc3 gene in the mouse causes embryonic lethality associated with a high rate of apoptosis in several cell lineages (Piekorz et al., 2002) . We have shown that Taxins are downregulated in a subset of breast cancers and strongly expressed in another subset (Conte et al., 2002 (Conte et al., , 2003 . The overexpression of chTOG occurs in human hepatomas and colonic tumors (Charrasse et al., 1995 (Charrasse et al., , 2000 . Alteration of Aurora A expression leads to cell transformation (Bischoff and Plowman, 1999; Giet and Prigent, 1999; Nigg, 2001; Katayama et al., 2003, for reviews) .
Nothing is known about the role of Taxins in the later stages of mitosis, in which microtubule-associated processes are also important. The M phase of the cell cycle, which includes mitosis and cytokinesis, leads to cell division. During anaphase, in an equatorial midzone midway between the future daughter cells, reorganization of contractile proteins and microtubules creates a tightening and ingression of the plasma membrane called the cleavage furrow. The interzonal microtubules constitute the midzone spindle. After constriction of the midzone, an intercellular thin bridge-like structure called the midbody, which contains spindle and contractile components, still connects the two daughter cells. Cell division is completed when the midbody is severed. Cytokinesis is highly regulated both spatially and temporally (see, for reviews Nigg, 2001; Robinson and Spudich, 2000) . Abnormal cytokinesis leads to defect in cell separation and accumulation of nuclei into giant polyploid cells. Small G proteins (e.g. ARHA/ RHOA), kinesin-like proteins, kinases and phosphatases (e.g. PP1) are key regulators of cytokinesis (see, for reviews, Robinson and Spudich, 2000; Nigg, 2001 ). Many of these proteins accumulate at the midzone spindle. The late stages of M phase are also characterized by the reconstitution of the nucleus; the nucleolus assembles at the exit of mitosis and is functionally active throughout interphase (see, for review, HernandezVerdun et al., 2002) .
In this study, we show that TACC1 may play a role during the late stages of M phase including cytokinesis. TACC1 localizes diffusely to the midzone spindle in anaphase and sharply concentrates at the midbody during cytokinesis. At the same time, TACC1 relocalizes to the nucleolus at the end of M phase. We show that TACC1 and Aurora B may be found in a complex in human cells. Aurora B has been identified as a major regulator of cytokinesis Terada et al., 1998) . This kinase is a chromosome passenger protein that moves from centromeres to the midzone spindle in anaphase and to the midbody in telophase and cytokinesis (see, for reviews, Adams and Carmena, 2001; Terada, 2001; Carmena and Earnshaw, 2003) . Using RNA-mediated interference (RNAi), we show that inhibition of Aurora B prevents correct localization of TACC1 at the midbody and leads to abnormal cell division and multinucleated cells.
Localization of TACC1 in the late stages of mitosis
To get insight into TACC1 function during M phase progression, we looked at its subcellular localization in the last stages of mitosis and during cytokinesis. Results are illustrated in Figure 1A . Anti-TACC1 antibody used in mitotic HeLa cells ( Figure 1A , B) showed that TACC1 diffusely stained the spindle pole and midzone spindle in anaphase (Figure 1Aa ), relocalized to the cleavage furrow in telophase (Figure 1Ab) , concentrated sharply at the very center of the midbody during cytokinesis (Figure 1Ac, 1B) , and relocalized to the nucleolus at the end of mitosis (Figure 1Ac ). During cytokinesis, it colocalized in the nucleolus with known nucleolar proteins such as rRNA processing protein nucleolin (C23) (Figure 1Ca ), nucleolar marker 1277 (Marasco et al., 1994) (not shown) and rDNA transcription upstream-binding factor (UBF) (Figure 1Cc) . In interphase cells, TACC1 was also found in the nucleolus where it colocalized with nucleolin ( Figure 1Ca ) and UBF ( Figure 1Cb ). Virtually identical localizations were seen using GFP-TACC1l, which stained the nucleolus of interphase cells (Figure 1Da ) and relocalized to the midbody and nucleus during cytokinesis ( Figure 1Dc ). TACC1 long isoform, TACC1l, contains two potential nuclear localization signals (NLS). A shorter isoform, TACC1s, is missing these motifs. GFP-TACC1s did not stain the nucleus Figure 1 Localization of endogenous TACC1 during late mitosis. Immunofluorescence and confocal analyses were carried out as described previously (Conte et al., 2003) . Anti-TACC1com (Conte et al., 2002) antibody used in immunofluorescence studies on HeLa cells (http://www.atcc.org/) delineates the localization of TACC1 (green) during late M phase. Anti-a tubulin (Conte et al., 2003) was used to stain microtubules (red). (A) Endogenous TACC1 is found at the poles of the mitotic spindle and diffusely at the midzone spindle in anaphase (a) (arrows), at the cleavage furrow in telophase (b) and relocalizes to the midbody and nucleolus during cytokinesis (c). (B) TACC1com antibody sharply stains the very center of the midbody in HeLa cells shown enlarged. (C) Endogenous TACC1 (green) is at the nucleolus in interphase cells (a, b) and during late mitosis (a, c); nucleoli (red) were stained using anti-nucleolin (C23) (Santa Cruz sc-8031, Santa Cruz, CA, USA) (a) and anti-UBF (Roussel et al., 1993) (b, c) . (D) GFP-TACC1l localizes to the nucleolus in interphase cells (a) whereas GFPTACC1s does not (b). GFP-TACC1l is found in the nucleus and at the midbody at the end of M phase (c). Bar scale: 10 mm but localized in the cytoplasm (Figure 1Db ), suggesting that the NLS of TACC1 are functional.
These results suggest that TACC1 may exert its function not only at metaphase but also during late mitosis and cytokinesis.
Interaction of TACC1 with Aurora B kinase
Since Taxins interact with mitotic kinase Aurora A and colocalize with this kinase at the spindle pole (Giet and Prigent, 1999; Conte et al., 2003) , we tested whether Aurora B could be found in a complex with TACC1 at the midbody. Results are shown in Figure 2 . Lysates of Cos-1 cells were cotransfected with either HA-tagged TACC1l, TACC1s (Figure 2A ) or mock vector and myc-tagged Aurora B. Myc-Aurora B was immunoprecipitated with anti-myc antibody and immunoprecipitated proteins were detected by Western blotting with anti-HA antibody. These experiments showed that TACC1l and TACC1s
Figure 2 TACC1l and TACC1s interact with Aurora B. (A) The long (TACC1l) and short (TACC1s) isoforms of TACC1 protein and fragments generated are schematized with distinct regions: N-terminus, central serine/proline-rich region with two SPAZ motifs, and coiled-coil C-terminus. The potential nuclear localization signals (NLS) are shown. (B) Cloning of Aurora B (Giet and Prigent, 1999) and different fragments of TACC1 (Conte et al., 2003) was carried out following PCR amplification using the Gateway system (Invitrogen). Biochemical procedures were carried out as described (Conte et al., 2002) . HA-TACC1l, HA-TACC1s or mock vector pCDNA3-HA were cotransfected with myc-Aurora B in Cos-1 cells (http://www.atcc.org/). Proteins were immunoprecipitated with anti-myc antibody. Bound proteins were detected with either anti-HA or anti-myc antibody, revealing coprecipitation of TACC1l and TACC1s with Aurora B. (C) GFP-TACC1s, GFP-TACC1 fragments or GFP only were cotransfected with myc-Aurora B in Cos-1 cells. Proteins were immunoprecipitated with anti-myc antibody. Bound proteins were detected with anti-GFP antibody, revealing coimmunoprecipitation of TACC1s and TACC1C1AC3 with Aurora B. Throughout the figure, the þ and À symbols mean transfected and not transfected, respectively. One-tenth of the lysate used for precipitation was run for control. (D) Proteins from lysates of HeLa cells synchronized (TB) or not (NS) using a double-thymidine block (24 h after plating cells were arrested in S phase using 2 mM thymidine for 18 h, release from the arrest for 9 h, arrested a second time with thymidine and released again to obtain a population enriched in mitotic cells) were precipitated with anti-TACC1com antibody and bound proteins were detected with antiAurora B (AIM1 no. 611082 BD Biosciences, Le Pont de Claix, France), anti-Aurora A (Cre´met et al., 2003) , anti-TACC1com antibodies revealing a strong endogenous coprecipitation of Aurora A and B kinases with TACC1 in mitotic cell-enriched lysates. AntiScribble antibody (JP Borg, unpublished), used as control, shows that this protein is not precipitated with TACC1 TACC1 and Aurora B in cytokinesis B Delaval et al associate with Aurora B kinase ( Figure 2B ). To delineate which region of TACC1 is important for this association, we made different constructions with N-, SPAZ and C-terminal TACC1 fragments ( Figure 2A ). The C-terminal fragment of TACC1 was sufficient to allow the formation of a complex with Aurora B (Figure 2C ). The C-terminus of TACC1 also interacted with chTOG and AKAP350 (not shown).
Moreover, TACC1 and Aurora B were found in the same complex after coimmunoprecipitation of endogenous TACC1 in HeLa cells synchronized or not with double-thymidine block ( Figure 2D ). The fraction of Aurora B precipitated with TACC1 was more important in mitotic cell-enriched lysates ( Figure 2D ). We conclude that TACC1 and Aurora B can associate but also belong to the same complex in vivo. However, as for Aurora A, and in agreement with recent data (Tien et al., 2004) , we could not prove direct interaction between TACC1 and Aurora B using yeast two-hybrid experiments (data not shown).
TACC1 colocalizes with Aurora B kinase at the midbody
To further document the TACC-Aurora B complex in living cells, we looked for the respective subcellular localization of each of its components in HeLa cells during M phase. Results are shown in Figure 3 . Neither TACC1 (Figure 3Aa ) nor chTOG (Figure 3Ba ) colocalized with Aurora B in metaphase, whereas they both diffusely relocalized to the midzone spindle in anaphase (Figure 3Ab and Bb). During cytokinesis, TACC1 colocalized with Aurora B at the very center of the midbody (Figure 3Ac) . The chTOG protein, like AKAP350 (Takahashi et al., 1999; Keryer et al., 2003) , was diffusely present on the microtubules of the bridge but not within the midbody (Figure 3Bc ). Aurora A was not detected at this stage (not shown).
In conclusion, TACC1 and Aurora B colocalize during cytokinesis, indicating that during the last stages of M phase, the TACC1 protein complex contains Aurora B instead of Aurora A. Schematic representations of these results are depicted in Figure 3C . 
Aurora B is necessary for TACC1 localization at midbody
To characterize functionally the TACC1-Aurora B complex, we used transfection of small interfering RNAs (siRNAs) in HeLa cells to knock down TACC1 or Aurora B mRNA (Figure 4) . The depletion of TACC1 did not lead to any obvious abnormal cytokinesis phenotype. However, the depletion of Aurora B mRNA induced cytokinesis defects. As seen in Western blot ( Figure 4A ) and immunofluorescence experiments using TACC1com antibody (to follow TACC1) and Aurora B (to control the depletion) (Figure 4Ba-c) , Aurora B mRNA depletion blocked the production of the corresponding protein: 80% of cells did not express Aurora B 48 and 72 h after transfection (Figure 4Bb and c, respectively), as compared to 15% in control (Figure 4Ba ). Most cells (Figure 4Bb ) in metaphase (M) and telophase (T) did not show the normal Aurora B localization at the kinetochores and at the midbody, respectively. Giant interphase cells seen 72 h after transfection did not show the Aurora B staining usually detected in the nucleus at the end of G2 phase (Figure 4Bc ). To characterize the mitotic features of Aurora B-depleted cells and analyse the effect of Aurora B knock-down on TACC1 localization, we stained Aurora B-depleted cells using indirect immunofluorescence with antibodies directed against a-tubulin (to follow the exit of M phase) and with Syto16 (to stain DNA) (Figure 4Bd-f) . At 48 h after transfection, Aurora B-depleted cells showed mitotic defects; they displayed abnormal chromosome alignment presumably due to abnormal spindle formation ( Figure 4Be) ; after 72 h, most cells were multinucleated (Figure 4Bf ), much bigger (Figure 4Bh and i) than normal cells (Figure 4Bg) , and displayed multipolar spindles (Figure 4Bh and i) .
We next studied the DNA content of RNAi-treated HeLa cells by fluorescence-activated cell sorter analysis. Cells transfected with control displayed normal cell cycles (Figure 4Ca) . In contrast, cell cycle profiles of Aurora B-depleted cells were highly abnormal: they showed a marked increase (47 versus 20% in control) in the G2/M phase 48 h after transfection (Figure 4Cb) . At 72 h post-transfection (Figure 4Cc ), the number of cells in G2/M decreased (47% at 48 h vs 24% at 72 h), whereas the number of cells with abnormal DNA content (44n) increased sharply (from 15 to 40%); 30% of cells had 8n DNA content. The dramatic increase of cell populations with more than 4n ( Figure  4Cc ) was concomittant with the appearance of multinucleated cells (Figure 4Bc and f) and an increase of dying cells ( Figure 4C ).
We suspected that the presence of multinucleated cells resulted from their failure to complete normal cytokinesis. Very few cells in telophase and cytokinesis lacking Aurora B kinase were seen. For Aurora B-depleted cells that succeeded to exit M phase, abnormal cytokinesis was associated with abnormal cleavage furrow, problems in microtubule bridge formation (Figure 4Dd ) and was correlated with the absence of TACC1 at the midbody (Figure 4Dc) . No mitotic cells depleted of Aurora B showed any TACC1 staining. However, TACC1 relocalized normally to the nucleolus in the absence of Aurora B (Figure 4Dd ).
In conclusion, we have shown that, at the later stages of mitosis, TACC1 localizes to the midzone spindle and eventually becomes sharply concentrated at the midbody. We also have demonstrated for the first time the presence of Aurora B kinase in TACC1-associated M phase complex. It will now be interesting to define the relationships of TACC1 with well-characterized Aurora B interactors such as microtubule-binding protein INCENP (inner centromere protein) and survivin/ BIRC5 (Wheatley et al., 2001; Bolton et al., 2002; Honda et al., 2003; reviewed in) , with Aurora B substrates Minoshima et al., 2003) and with phosphatases such as PP1 (Murnion et al., 2001; Sugiyama et al., 2002) . Aurora A recruits Taxins at the mitotic spindle; the absence of D-TACC at the spindle pole upon Aurora A RNAi results in short astral microtubules (Giet et al., 2002) . Aurora B is necessary for the formation of the midbody and completion of cytokinesis, and thus for TACC1 correct localization. Thus, TACC1-Aurora B complex may play, with respect to the midzone spindle in late M phase, a role similar to TACC1-Aurora A upon the mitotic spindle at metaphase. An exchange of Aurora kinase seems to occur during metaphase/anaphase transition from TACC1-Aurora A to TACC1-Aurora B. The absence of the effect of TACC1 inhibition on cell division might be due to the presence of redundant Taxins.
The absence of Aurora B kinase at the midbody in RNAi experiments leads to defects in cytokinesis and to polyploidy. This direct demonstration of human Aurora B role in cytokinesis is in agreement with previous studies using other systems or other organisms. Aurora serine/threonine kinases are a family of proteins conserved through evolution (for reviews see: Bischoff and Plowman, 1999; Giet and Prigent, 1999; Carmena and Earnshaw, 2003) . Mammalian Aurora A/STK6/ BTAK/AIRK1, Aurora B/STK12/AIM1/AIRK2 and Aurora C/STK13/AIRK3 have orthologs in Xenopus laevis (pEg1, pEg2), Drosophila melanogaster (aurora, ial), Caenorrhabaditis elegans (AIR-1 and AIR-2) and Saccharomyces cerevisiae (Ipl1). Injection of anti-Aurora B antibodies in Xenopus cells perturbates mitosis (Kallio et al., 2002) . Inhibition of C. elegans Aurora B/AIR-2 by RNAi induces cytokinesis defects (Schumacher et al., 1998) . The overexpression of kinase-inactive Aurora B leads to multinucleated cells and polyploidy Terada et al., 1998) . Two recent studies have shown that drugs that inhibit Aurora B rather specifically (ZM447439 and Hesperadin) induce mitotic defects (Ditchfield et al., 2003; Hauf et al., 2003) but the effects on cytokinesis were not examined in detail.
Correct relocalization of TACC1 to the nucleus in Aurora B-depleted cells suggests that TACC1 nuclear activities are uncoupled from Aurora B-regulated mitotic functions. This localization may be associated with the restart of transcription at the end of mitosis. TACC1 plays potential roles on RNA biology and gene expression (Stebbins-Boaz et al., 1999; Conte et al., Figure 4 Depletion of Aurora B RNA in HeLa cells leads to abnormal cell division. RNAi experiments and flow cytometry were carried out as described (Conte et al., 2003) . Sequences of siRNA duplexes used: Aurora B AB1, 5 0 -AGCCAUUUCAUCGUGGCGC-3 0 ; AB2, 5 0 -CAGCCACGAUCAUGGAGGA-3 0 ; TACC1, see Conte et al. (2003) . Oligofectamine alone, irrelevant or ineffective (AB1) duplexes were used as controls. In all panels, I, M, A, T designates a cell in interphase, metaphase, anaphase and telophase, respectively. Arrows point to normal cells, arrowheads to Aurora B-depleted cells. Lauffart et al., 2002) . These functions might take place both in mitotic and interphase cells. Taxins are also suspected to play a role in oncogenesis (Chen et al., 2000; Conte et al., 2002 Conte et al., , 2003 Still et al., 1999a, b) . Some alterations could be due to abnormal TaxinAurora complexes. Indeed, we found that, like Taxins and Aurora A, TACC1 and Aurora B expressions are correlated in tumor cells (not shown).
